In the millimeter-wave band, the series-fed array antenna is facing a problem of large transmission loss and narrow bandwidth by using a high-permittivity and large-loss-tangent material. In this paper, an air region is inserted in the half of the height in the LTCC waveguide of ε r =6.6 and tanδ =0.013 to reduce the transmission loss. The reduction of the equivalent dielectric constant by the air insertion structure enhances both the gain and the bandwidth of the series-fed slot array. The transmission loss of the single-mode rectangular waveguide has been reduced to about 1/6 by using the partially-filled structure in the 60-GHz band. In a onedimensional slot array, the total loss has also been reduced to about 1/7. And the 3 dB-down gain bandwidth has also been increased from 1.3 GHz to 2.3 GHz.
Introduction
The millimeter-wave band, a potential frequency band for resolving the spectrum congestion, is undergoing intensive development to meet the necessity for high speed wireless data transmission.
The post-wall waveguide can be fabricated by PCB (Printed Circuit Board) or LTCC (Low Temperature Cofired Ceramics) fabrication technique, which could reduce the cost [1] - [4] . Moreover, LTCC could integrate an RF circuit and an antenna in one substrate and it is widely used in compact circuit fabrication [5] - [13] . LTCC is a material with a large dielectric constant which is more than 10 [14] . A large dielectric constant material causes large long-line effect which is a big problem in a series-fed array antenna. Glass is often mixed in LTCC to reduce the dielectric constant to 4-9. But this method increases the loss tangent. In order to reduce the dielectric constant more, the insertion of an air region in part is introduced. The air region reduces the transmission loss and the equivalent dielectric constant. By LTCC-fabrication technology, it is possible to realize the partially-filled structure for straight single-mode ractangular waveguides and one-dimensional slot arrays.
Note that the measured loss tangent of the LTCC in the fabrication is large (0.013) at 60 GHz unfortunately, even though that at 10 GHz is 0.005. Therefore the antenna efficiency is quite low. However this technique is very effective with reducing the transmission loss by inserting an air region in the LTCC as described in this paper. For practical applications in the millimeter-wave band, a lower-loss LTCC should be used. This paper is organized as follows. Section 2 discusses the effect of the air insertion on the effective dielectric properties and the field distribution in the rectangular waveguide. In Sect. 3 the fabrication process is introduced and the fabrication errors are shown. In Sect. 4 the losses of both the partially-filled and the fully-filled straight waveguides are compared by measuring waveguides of different lengths. In Sect. 5, the design of the partially-filled waveguide is explained. In some of the antennas, the additional LTCC sheets are covered to support the flatness of the air region. The rectangular waveguides with longitudinal slots are analyzed by HFSS and the gain and the loss of the partially-filled antenna have also been compared to those of the fully-filled case. Section 6 concludes that the partiallyfilled structure effectively reduces the transmission loss with large dielectric constant and large loss tangent and the bandwidth of the series-fed antennas has also been enhanced. Figure 1 shows the structure of the partially-dielectric-filled waveguide. The broad-wall width a pww of the post-wall waveguide is equivalent to the broad-wall width a of a solid-wall waveguide to have an equal guided wavelength at 60 GHz. The dielectric thickness t a and t b are both 0.2 mm. The dielectric constant is 6.6. The post diameter is 0.1 mm Fig. 1 Geometry of partially-dielectric-filled waveguide. and the post spacing is 0.2 mm. The waveguide dimension (a,b) is set to be 3.14 mm (a pww = 3.2 mm) and 0.8 mm so that the cut-off frequency of the first higher mode is 68 GHz. Figure 2 gives the electric-energy density in the both directions at the centers of the LTCC partially-filled waveguide at 60 GHz. The energy distribution is normalized by the peak at the center of the waveguide. The electric energy density in the waveguide can be expressed as w e = ε|E| 2 /2 = |D| 2 /2ε The electric field E should be continuous on the boundaries in the x direction while the electric displacement D should be continuous on the boundaries in the y direction. Most of the electric energy is concentrated in the air-region around the center, and the energy-density in the dielectric part of the waveguide is weak in the y direction. Figure 3 shows the estimated transmission loss and the equivalent dielectric constant for the air region thickness in the dominant mode at 60 GHz. The dielectric constant is 6.6, the loss tangent is 0.013 and the conductivity is 3.3 × 10 7 S/m. All of the values are measured at 60 GHz. When the air region thickness is 0.4 mm, the transmission loss is expected to be reduced to 17% because it is 1.99 dB/cm for 0.0 mm air region thickness and 0.33 dB/cm for 0.4 mm thickness. Similarly, the effective dielectric constant is expected to be reduced to 28% because it is 6.6 for 0.0 mm air region thickness and 1.83 for 0.4 mm thickness. In the experiment, the broad-wall width a of the fully-filled waveguide is set as 1.45 mm to avoid the higher order mode propagation. The estimated loss is 2.58 dB/cm as shown in Table 1 .
Partially-Filled Structure

Field Distribution
Effective Dielectric Properties
The data shown in Table 1 give comparison of the estimated transmission loss of different kinds of waveguides at 60 GHz. The dielectric constant of the LTCC is almost tripled, and the loss tangent is 20 times larger than the PTFE. The total transmission loss of the partially-LTCCfilled waveguide is only three times to the fully-PTFE-filled waveguide even though the loss tangent of LTCC is quite large.
Fabrication
The fabrication process is as follows: first, via-holes are drilled in LTCC sheets to locate the post-walls in the waveguide and silver paste is filled in the via-holes in each layer. Then the slots and the input aperture are printed respectively on both the upper side and the bottom side followed by inserting dummy material in the air region. Finally, all the LTCC layers with the covers are combined and baked together. The dummy material vanishes into air when heated.
This fabrication process causes errors in the air region and also in printing the slots and the apertures as shown in Table 2 . The air expands with heat, which causes the cross section of the air region in the partially-filled waveguide to form the shape of an arch. These errors affect the flatness of the waveguide surface. Here, + means an increase in the height on each side from the reference plane while -means a decrease. The measured sizes compared to the design sizes of the cross view of a partially-filled waveguide slot array antenna have been shown in Fig. 4 . These fabrication errors result in the frequency shift and the coupling factors in radiation. In the air region, the height at the edges of the broad wall from the design value is smaller while that around the center is larger. The power is inputted by a standard WR15 waveguide and connected to the aperture on the input side which is a connection transfer from a standard waveguide to the post-wall waveguide. In a one-dimensional slot array, the positions of the longitudinal slots are offset from the center of the broad wall with the slots and are located typically around the middle between the center and the edge of the broad wall, where the height is close to the designed value. Thus, the average effects of the height error on the coupling could be small. The broad wall with the slots of the antenna is the setter plate in fabrication. It makes the broad wall with the slots have a better flatness than the broad wall without the slots. However, it still makes an aperture efficiency loss by degrading the uniform excitation in the slot array. In addition, the beam direction of the boresite could be shifted due to the non-flatness of the radiation surface on the broad wall with the slots. The difference is +15 μm to +50 μm in the longitudinal direction about 50 mm long in the array.
The LTCC Partially-Filled Waveguide
Seven different lengths of waveguides shown in Fig. 5 are fabricated in a 6 cm × 6 cm sized LTCC board. Both the fully-filled and the partially-filled waveguides are fabricated. The parameters of the waveguides have been shown in Table 3 .
In the measured frequency range, the reflection is less than −10 dB. The loss of each waveguide can be obtained from the S-parameters by a vector network analyzer. Figure 6 shows the examples of the measured transmission loss of the waveguides at different lengths (55 GHz and 58 GHz for the fully-filled waveguides and 60 GHz and 61 GHz for the partially-filled waveguides). Linear fitting can distract the insertion loss at the input parts as the intercept and the slope gives loss in unit length (dB/centimeter). The averaged experimental results of the insertion losses of the input transitions are 0.4 dB for the partially-filled structure and 2.0 dB for the fully-filled structure while 0.3 dB and 1.5 dB in simulation at 60 GHz. The partially-filled structure has smaller dielectric loss than the fully-filled one because the air region is also inserted in the transition in the partiallyfilled structure. [15] . The calculated losses for the frequency band in Fig. 7 are estimated by using the dielectric constant of 6.6 and the loss tangent of 0.013 measured at 60 GHz. However, the loss tangent of this LTCC is 0.005 at 10 GHz. The loss tangent could change along the frequency and it would smaller than 0.013 in the frequency lower than 60 GHz. Thus, a smaller loss could have been obtained in the measurement than the estimation in the lower frequencies. The estimated loss with the smaller loss tangent has been shown in Fig. 7 . Compared with the full-filled waveguide, the dielectric loss of the partially-filled waveguide has been reduced to about 1/6. Unfortunately the loss tangent of the LTCC used in the fabrication is large in the millimeter-wave band. However a similar loss reduction is expected by using LTCC with smaller loss tangent.
LTCC Partially-Filled Waveguide-Fed Slot Array
One-dimensional longitudinal slot array antennas shown in Fig. 8 are desinged at 60-GHz and fabricated on the partially-filled waveguides. Two types of the slot arrays have been fabricated. One is with an LTCC cover for enhancing the flatness of the slot plate while the other is without the cover. For comparison, the slot arrays on the fullyfilled waveguides are also fabricated. The slot arrays are designed to excite uniformly in amplitude, while the main beams are tilted to suppress the reflection.
Each of the longitudinal slot is designed separately by HFSS because the one-dimensional longitudinal slot array does not have large mutual coupling among the slots. The width of the waveguides is set to about 0.8 guided wavelengths in the waveguide. The amplitude is mainly controlled by the offset and the length is used to adjust the resonance. The slot offset becomes larger for stronger coupling. The slot length in the antenna with the LTCC cover becomes shorter than that without the LTCC cover for equal coupling.
Generally the spacing of the longitudinal slots is about half guided wavelength. However, the high dielectricconstant material is filled so that the guided wavelength is much smaller than the free-space wavelength. As shown in Fig. 9 , the slot spacing is set as about one guided wavelength for the partially-filled waveguide (λ p g ) array and one and a half guided wavelengths for the fully-filled waveguide (λ f g ) array so that it will be as large as possible to reduce the number of the slots but will not exceed one wavelength in the free space so that grating lobes are not be excited. In order to suppress the overall reflection at the input, the beam tilting is 5.8 degrees is adopted. The slot spacing is adjusted not to accumulate the reflection from each slot at the input. The direction of the offset between the adjacent slots is the same in the partially-filled waveguide array while it is opposite in the fully-filled waveguide array. The parameters of the waveguide arrays are given as Table 4 . In Table 4 , the measured frequencies are the frequency where the peak gain is obtained. They are different between the calculation and the measurement. They will be used for the comparison in the loss estimation in Fig. 15 . Figure 10 shows the frequency dependence of the reflection at the input port. The reflection is less than −10 dB from 59 GHz to 61 GHz. In other words, less than 0.1 dB loss comes from the refection for these antennas. Figure 11 shows near-field distribution of the amplitude and the phase at the design frequency (60 GHz) of the partially-filled waveguide arrays. The dashed lines show the simulation results. The dots-solid-lines give the measurement results. The amplitude is normalized by the peak. The phase distributions are subtracted by the phase taper corresponding to the beam tilting of 5.8 degrees at the design fre- quency. This means that the flat phase distribution in Fig. 11 could correspond to 5.8-degree beam tilting. The tendency of the phase distribution is opposite between the calculation and the measurement. However the difference of the beam tilting angle is small; the calculated angle is −5.76 deg. and the measured angle is −5.50 deg as shown in Fig. 13 . The tendency of the amplitude of the experiment result agrees with the simulation result. The fabrication errors (±30 μm at maximum) in the slot offset and the slot length result in ±5 dB error in amplitude and ±30 degrees in phase over the array due to the coupling error. Figure 12 shows the H-plane radiation pattern both in the design and the measurement at the design frequency of the partially-filled slot arrays. The H-plane 3 dB-down beamwidth is 5 degrees for both simulation and measurement results. The first sidelobe level is −13.4 dB in simulation and −13.1 dB in experiment. The fabrication errors in the slots and the deformation in the air region result in the discrepancy of the sidelobe envelope. The frequency characteristics of the main beam tilting angles θ of the slot arrays have been summarized as Fig. 13 . The hollow squares and dots show the measurement results which have been obtained by the peak beam in the far field measurement. The solid (black) squares and dots show the simulation results obtained by software HFSS and the solid line and the dashed line give the calculation results using only the change of the guided wavelength of the waveguides without considering perturbation due to the radiation from the slots. The "experiment" and the "simulation" are the same in terms of the mutual coupling effect while the "experiment" and the "calculation" could be different. However, in the longitudinal-slot radiation, the mutual coupling between the slots is relatively small and the slots are designed to be resonant, so the experiment results as well as the simulation results agree with the calculation results.
The air region in the waveguide reduces the dielectric constant and results in a longer guided wavelength in transmission. The slope of the angle gives the beam tilting characteristics in terms of frequency. Thereby a smaller dielectric constant in propagation for the partially-filled waveguide antenna suppresses the long-line effect and the slope of tilting angle is smaller than the fully-filled waveguide antenna. The ratio of the slopes of the fully-filled waveguide antenna to the partially-filled one which shows the improvement of the bandwidth of the antenan is in almost a proportion to ε eff /ε r . In this case, ε eff and ε r are about 1.8 and 6.6 respectively. The value of ε eff /ε r is about 1.9. Thus, the bandwidth due to the long line effect is improved to about twice, correspondently. Figure 14 shows the gains of the partially-filled waveguide slot arrays and fully-filled ones. The lines are the simulation results and the dots are the measurement results. The short dashed line is the estimated lossless directivity (about 16 dBi) as a reference for the partially-filled antenna. The solid lines show the HFSS results for the partially-filled waveguide antennas and the dashed lines are for the fullyfilled ones in the lossy material. The light color lines and dots are for the antennas with LTCC covers while the dark color ones are for those without covers.
In the experiment, we have got the gain 14.0 dBi (w/o cover) and 12.9 dBi (w/cover) from the partially-filled waveguide antennas, 5.2 dBi (w/o cover) and 4.7 dBi (w/cover) from the fully-filled ones. The loss tangent of LTCC used in the measurements is so large that we do not want to discuss the gain values themselves but we want to discuss the improvement of the gain. The total loss has been reduced to 15%. The total gain has been improved by 8.8 dB and 8.2 dB in the antenna without the LTCC cover and that with the cover, respectively. The 3 dB-down bandwidths have been improved from 1.3 GHz to 2.3 GHz. About 1.0 GHz more bandwidth has been achieved. This improvement ratio is related to the ratio of the guided wavelength in the waveguides.
The theoretical directivities are 16.0 dBi for the 12-element linear array partially-filled waveguide antennas and 15.9 dBi for the 13-element linear array fully-filled waveguide antennas respectively at 60 GHz [16] . The measured loss is obtained from the difference between the theoretical directivity and the peak gain measured in an anechoic chamber of each antenna in dB. Figure 15 shows the estimated loss in each part of the antennas at the frequencies where the peak gain is obtained. The frequencies are listed in Table 4 . In calculation, there is 1.0 dB loss in the partially-filled waveguide and 6.5 dB in the fully-filled waveguide for transmission loss including the dielectric loss (97%) and the conductor loss (3%). The LTCC cover for supporting introduces 1.3-1.5 dB additional loss which is obtained by simulation. The input transition has a constant insertion loss of 0.4 dB for the partially-filled structure and 2.0 dB for the fully-filled structure in measurement. The aperture efficiency loss which is 0.1-0.3 dB for the partially-filled ones and 1.1-1.5 dB for the fully-filled ones (obtained from the difference between the theoretical directivity of the linear array with the uniform-amplitudedistributed array factors and the directivity calculated by the measurement of two-dimensional near-field distributions in dB) could be resulted from the non-uniform aperture distribution mainly coming from the fabrication. Note that the near-field measurement for one-dimensional array would need a large area in the transverse direction so that the estimation of the aperture efficiency could include a large loss of about 1 dB [17] , [18] . In this part of the aperture efficiency loss, the partially-filled antennas have a smaller loss than the full-filled ones because they have better tolerances from the slot offset in fabrication. Since the effective dielectric constant in the fully-filled waveguides is larger than the partially-filled ones, the radiation power in each slot in the fully-filled waveguide antennas is much sensitive to the slot length. The other loss which is 0.2-0.3 dB for the partially-filled ones and 0.2-0.9 dB for the fully-filled ones could be resulted from the errors in all the loss factor measurements.
Conclusion
In this paper, the air-region insertion into the LTCC waveguide is introduced to reduce the dielectric loss in the transmission and enhance the bandwidth in the series-fed slot array. The authors have estimated the effective dielectric properties and the transmission loss of the partially-filled structure, and confirmed the transmission loss reduction by measuring S-parameters of post-wall waveguides with different lengths with comparison to the fully-filled waveguides in the 60-GHz band. Then, the LTCC partially-filled waveguide slot array antenna is introduced to reduce the dielectric loss. Both the loss reduction and the bandwidth enhancement have been confirmed experimentally and quantitatively. 
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